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ISummary:
The present work deals with steroid  la b e ll in g  with t r i t iu m  
using d i f fe re n t  preparative methods -  simple exchange processes 
and reduction o f double bonds by H2/T 2 gas mixture -  to produce 
t r i t i a t e d  steroids a t  high molar spec if ic  a c t iv i t y .
With respect to t r i t iu m  la b e l l in g ,  i t  is necessary to study 
the following:
(a) the positions of t r i t iu m  atoms in the t r i t i a t e d  
compound, and
(b) the r e a c t iv i ty  ( s t a b i l i t y )  of t r i t iu m  atoms located  
at the a-carbon atoms to the ketone function.
3Hnmr Spectroscopy is an excellent technique fo r  establishing  
the positions of the t r i t iu m  atoms and th e i r  stereochemistry in  
the t r i t i a t e d  steroids.
In the case of the point (b ) ,  the d e t r i t ia t io n  process under 
aqueous basic media is an invaluable technique fo r  q u an tit ive  
determination o f the s t a b i l i t y  o f these t r i t iu m  atoms.
Moreover, the d e t r i t ia t io n  technique can be applied to study 
the s te r ic  hinderance on the labe lled  s ites  (s te re o s e le c t iv i ty  
of the reaction) in the t r i t i a t e d  keto -stero id  using d i f fe r e n t  
alcohol-alkoxide solutions.
The present work can therefore be described into the fo llow ing  
three chapters:
-  1 -  Preparation o f t r i t i a t e d  steroids.
-  2 -  3Hnmr Spectroscopy of t r i t i a t e d  s tero ids , and
- 3 - Kinetics of d e t r i t ia t io n  of certa in  stero ids.
II
Acknowledgements:
I would l ik e  to express my sincere gratitude fo r  the guidance, 
constant encouragement, and help afforded me by my supervisors, 
Professor J.A. Elvidge and Dr J.R. Jones, throughout the course of 
the present work.
The award o f study leave by the University of Baghdad, IRAQ, 
is g ra te fu l ly  acknowledged.
I would l ik e  to thank Mr J.P. Bloxsidge (NMR Spectroscopy) 
fo r  his help in running the spectra and useful discussions.
I also wish to thank Mrs L. Carroll and Mr A.P. H i l l  fo r  th e i r  
assistance in the laboratory.
F in a l ly  I am thankful fo r  the help provided by Mrs Annalisa Hall 
in typing the thesis.
IV
Contents
Summary ......................................................    I
Acknowledgements ..................................................................................................  I I
Dedication ...............................................................................................................  I l l
Chapter I .  Preparation o f t r i t i a t e d  Steroids ..........................  1
Chapter I I .  3Hnmr Spectroscopy o f t r i t i a t e d  Steroids ............  25
Chapter I I I .  Kinetics of D e tr i t ia t io n  of Certain
Steroids ..................................   66
Chapter I  
Preparation o f t r i t i a t e d  stero ids.
1 .1 . Introduction
1 .1 .1 .  Isotopes used fo r  stero id  la b e l l in g
1 .1 .2 .  Tritium  lab e ll in g
1 .1 .2a . Significance of t r i t iu m  la b e l l in g
1.1 .2b . Methods of preparation
1 .1 .2c . Purity of t r i t iu m - la b e l le d  products
1.2. Experimental
1 .2 .1 .  Procedures
1.3. Results
1.4 . Discussion
1.5. References
1.1. Introduction
1 .1 .1 .  Isotopes used fo r  s tero id  lab e ll in g
Radiolabelled steroids find  wide use in stero id  app lica tion s1"2 
of chemical, biochemical, and pharmaceutical sciences and in medicine 
( in  c l in ic a l  diagnosis).
Labelling of steroids with nuclides o f the constituent elements 
(carbon, hydrogen, oxygen, and sometimes sulphur), depending upon th e i r  
potentia l use, is known as isotopic la b e l l in g .  There are no p ra c t ic a l ly  
useful radionuclides o f oxygen, so the stable isotopes 170 , and 180 are 
used, and the only useful radioisotopes o f carbon, hydrogen and sulphur 
are the purely be ta -rad ia tion  emitting nuclides llfC, 3H, and 35S. 
Carbon-11 is a positron em itte r ,  but i ts  h a l f - l i f e  o f  20 minutes 
re s tr ic ts  i ts  use in most app lications. Non-isotopic la b e l l in g  with  
X-ray and y -em itting  nuclides ( 131I ,  125I ,  and 75Se) is also used in  
certa in  studies, such as fo r  scanning purposes or in radioimmunoassay 
work. 2
Some of the basic physical properties o f these nuclides are 
summarized in table 1- 1 .
A ll these nuclides may be read ily  measured with commercially 
ava ilab le  instruments. 3H-, 14C-, and 35S -labe lled  steroids are 
usually counted by b e ta - l iq u id  s c in t i l la t io n  counting3 , fo r  which a 
range of commercial s c in t i l la t io n  cocktails is a va ilab le .  I t  is  a very 
sensitive and v e rs a t i le  method, in which the emitted rad ia tion  is  
absorbed and i ts  energy transferred , f i r s t l y  to the su itab le  so lvent, and 
subsequently to the s c in t i l la t o r  (phosphor). The phosphor then emits 
l ig h t  photons which are m ultip lied  and detected by the pho tom ultip lie r  
tube and converted into an e lectron ic  pulse, which is then am plif ied  
and registered as a count corresponding to the emission of a rad ioactive  
p a r t ic le .
Iodine and selenium labe lled  materials are usually counted in
4
gamma s c in t i l la t io n  counters which do not require the use of s c in t i l la t io n  
cockta ils .
Table (1 -1 ) Physical properties of radionuclides used fo r  s tero id  
la b e l l in g .
Nuclide H a l f - l i f e Type of  emission
Princ ip le
Energies
(Mev)
Sp. a c t iv i t y  
(Theoretical max.)
T r i  t i  urn 12.35 years 3~ 0.0186 (Max) 29Ci/matom
Carbon-14 5730 " 3" 0.156 (Max) 62.4mCi/matom
Sulphur-35 87.4 days 3"
Y
0.167 (Max) 
0*035
1494Ci/matom
Iodine-125 60 days and X-ray 0.027-0.032 2176Ci/matom
Iod in e-131 8.04 days 3” and y 0.364 (Y) 
0.606 ( 3 )
16240Ci/matom
Selenium- 118.5 days Y 0.136 1102Ci/matom j
75 ] 0.265
j
i
Besides the foregoing radioisotopes, the stable ones 2H, 13C, 
and 18q5 - 9 have found increasing use as labels in metabolic studies. 
While stable isotopes do not e n t i re ly  replace radioisotopes, since 
th e i r  detection is less easy, they can nevertheless provide the same 
type of information fo r  certa in  aspects of metabolic studies. Detection  
is by mass spectrometers or perhaps by nmr. Thus stable isotopes are 
ava ilab le  as a complementary tool to radioisotopes, and th is  fa c t  is 
sometimes demonstrated by the combined use of both isotopes in the same 
study.
1 .1 .2 .  Tritium  labe lling
1.1.2a Significance o f t r i t iu m  la b e l l in g .
1- Tritium  is one o f the least expensive and toxic  of radionuclides,  
and compounds can often be labelled  eas ily  by simple exchange processes 
using the element or t r i t i a t e d  water as source o f the lab e l.  Thus
t r i t iu m  la b e l l in g  is accessible to most laboratories , requiring only
modest precautions . 1 In contrast, Carbon-14 is more expensive and is
less radioactive and i ts  incorporation in to  stero ids, fo r  example,
2
frequently involves more complex chemical reactions. Except in rare  
cases, i t  is  not practicable to carry out m ultip le s i te  la b e l l in g  of  
steroids with Carbon-14 thus imposing a specif ic  a c t iv i t y  l im i t  of 
62 .4mCi/nmole on the labe lled  product. Nevertheless Carbon-14 has 
usually been preferred fo r  some studies of metabolism, because of lack 
of doubt concerning maintenance and the in te g r i ty  o f the label through 
a series of b io logical reactions.
2- The position is changing however. The advent of tnmr has made
i t  easy to fo llow  t r i t iu m  la b e ll in g  through a series o f reactions, making 
use o f  hydrogen chemical s h i f t  data. Moreover, the re la t iv e  amounts of  
t r i t iu m  in several s ites are obtained from the spectrometer in tegra tion  
of the various signals, and stereochemical information is  also forthcoming 
from the magnitudes o f coupling constants. The facts tha t t r i t iu m  has both 
a radioactive nucleus and a magnetic nucleus with a spin 1=1/2  can 
frequently make t r i t i a t e d  compounds the tracers o f choice fo r  many 
investigations.
3- Many biological experiments1' 2 require rad io!abelled  steroids a t  
high molar spec if ic  a c t iv i t y ,  fo r  example, in the measurement o f very 
low concentrations of steroids in b io logical f lu id s  by competitive  
protein binding.
Tritium  lab e ll in g  offers multi labe lled  steroids a t high molar 
spec if ic  a c t iv i t y .  The theoretica l maximum molar spec if ic  a c t iv i t y  
obtained by replacement o f  a single hydrogen atom by a t r i t iu m  atom is 
29Ci/mmole.
High specific  a c t iv i t ie s  are also required fo r  making v is ib le  the 
results of a tracer  investigation  by high resolution autoradiography . 1 ' 2
4- S p e c if ic i ty  and s te re o s p e c if ic ity  o f la b e l l in g .
I t  is  useful in mapping the pathway o f  hydrogen e lim ination  and 
hydrogen transfer by chemical reactions or enzymes.
For instance, s te reo s p ec if ica l ly  labe lled  steroids have helped 
to c la r i f y  the mechanism of enzyme action , as in the case o f (a) 
conversion of [ j , 2- 3h] testosterone into  oestrogen by the aromatase 
enzyme ,10' 11 as i l lu s t r a te d  in Fig 1-1 . (b )  In the mechanism of 
steroid hydroxylation by stereospecific  hydroxylases as in metabolism of  
( j ,  2 - 3fjj vitamin D3 j?*~;l4 shown in Fig 1-2^and (c) in hydroxylating  
)J6a - 3Hj dehydroepiandrosterone by 16a-hydroxylases*5
OH OH
T
I OH
H
Fig (1-1 ) Aromatization of tesotsterone using s te re o s p e c if ic a l ly  
labe lled  steroids.
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Fig (1 -2 ) Metabolism of [Ja, 2 a -3Hj cho leca lc ife ro l
1 .1 ,2b Methods of preparation:
There are three main sources fo r  labe lling ,-  namely t r i t i a t e d
water, the gas, and t r i t i a t e d  metal hydrides. The methods o f
preparation, being reviewed in d e ta il  by Evans 1 , can be 
summarized as fo llow s:-
A- Specific  la b e l l in g  methods:
1- Base catalysed hydrogen isotope exchange reactions:
This is a useful one-step method fo r  exchanging or protons 
to carboxylic acid groups with hydrogen isotopes. I t  is  known to 
proceed s a t is fa c to r i ly  with various a l ip h a t ic  and aromatic acid  
salts  under strongly a lka l in e  conditions ,16 and in la b e l l in g  keto- 
steroids a t high spec if ic  a c t iv i t y .
The widespread acceptance o f  th is  procedure is  due to the 
s im p lic ity  o f the reaction as well as the re la t iv e ly  low price and 
the a c c e s s ib i l i ty  o f the required reagent.
2- Reduction of a functional group:
a- By t r i t iu m  gas:
C a ta ly t ic  reduction of unsaturated precursors in a su itab le  
solvent produces normally s te reo s p ec if ica l ly  high spec if ic  a c t iv i t y  
products in which the s te reo s p ec if ic ity  of t r i t iu m  atoms depends on the 
structure o f the substrate and the type of the ca ta lys t used e i th e r  
heterogeneous cata lys t ( Pd/C) or homogeneous ca ta lys t  j^Chlorotris-  
(triphenyl-phosphine)-rhodium I ,  Wilkinson's CatalystJ.
b- By t r i t i a t e d  metal hydride:
Reduction of functions groups, such as, "C=o, -C02CH3, ^C=N-, 
etc . . . .  , occurs with l ith iu m , sodium or potassium b o r o t r i t id e ,  as 
in reduction of solanidine perchlorate into  £3H^--solanidine by sodium
17
b o ro tr it id e .
In add ition , other chemical methods, such as c a ta ly t ic  
dehalogenation under t r i t iu m  gas exposure, Grignard reaction using 
t r i t i a t e d  methyl magnesium iodide, and sulfonate ester reduction by 
zinc-sodium iodide in a mixture o f  t r i t i a t e d  water and 1 , 2-dimethoxy- 
ethane,1® as well as biochemical transformations are ava ilab le  in  
producing s p e c if ic a l ly  labelled  steroids.
B- Non-Specific (general) la b e l l in g  methods:
(Metal c a ta ly t ic  hydrogen isotope exchange reactions):
Labelling of steroids is  normally carried  out under both metal 
homogeneous and heterogeneous cata lys is  in a t r i t i a t e d  solvent, or by 
heterogeneous metal cata lys is  in solution by t r i t iu m  gas exposure. In 
the f i r s t  case, homogeneous metal catalysts such a t platinum I I  sa lts19- 
are used in hydrogen tra n s fe r  reactions.
With respect to the heterogeneous c a ta ly s is ,  a wide range of 
heterogeneous hydrogen tra n s fe r  catalysts (group V I I I  t ra n s it io n  metals 
which include pt , , N i , Co, Fe, Ru, I r ,  Rh, and Os) in e i th e r
supported or unsupported forms have been employed, platinum being the 
most ac tive .
In the present study, the s tero ids , 5a-cholestane, 5a-androstane, 
and 56-pregnane, shown below, were generally  labe lled  using t r i t i a t e d  
water and pre-reduced platinum oxide as a heterogeneous c a ta lys t .
The mechanism of lab e ll in g  involves a prelim inary complex between 
the organic substrate and the c a ta ly s t .  This causes some de loca lisa tion  
of c r -o rb ita ls  which is followed by C-H bond d issoc ia t ion .20
5a-Cholestane 5a-Androstane 5^-pregnane
The lab e ll in g  operation is conducted in a melt of the substrate. 
This avoids the need fo r a solvent such as acetic  acid which would 
decrease the incorporation of t r i t iu m  atoms in to  the substrate as a 
resu lt  of eq u il ib ra t io n  with the la b i le  hydrogens.
1.1 .2c Purity  of t r i t iu m - la b e l le d  products:
Steroid app lications1"2 require labe lled  compounds of very 
high radiochemical purity  (proportion of ra d io a c t iv i ty  present in the 
specified chemical form) and chemical p u r ity .
The most widely used techniques fo r  p u r i f ic a t io n  are chromato­
graphic method, e .g . paper, th in - la y e r ,  gas -liqu id  and high performance 
l iq u id  chromatography. These have been reviewed in some d e ta i l  by 
Evans1 and Chambers2 .
In paper and th in - la y e r  chromatography, two methods are involved  
e ith e r  (a) scanning the radiochromatograms with spec ia lly  designed 
scanner, or (b) using autoradiography in id e n t ify in g  the rad ioactive  
area which can be cut out, extracted and counted. 21
The technique of choice depends normally on the nature of the 
labelled  product and the expected impurities th a t  might a r ise  in the 
preparative procedure.
Tnmr Spectroscopy is a (valuable additional check on radiochemical 
p u rity  and i t  is therefore possible to demonstrate tha t the t r i t i a t e d  
product has the correct d is tr ib u tio n  of the labels a t  th e i r  expected 
positions.
U.V. Spectroscopy can also be valuable as a check on both rad io ­
chemical and chemical pu r ity .  The concentration measurement is usually  
determined by Lambert-Beer's equation, and hence the spec if ic  a c t iv i t y  
can be established. A lte rn a t ive ly  steroids without a chromophore, fo r  
example, dihydrotestosterone, can be determined by a colourim etric  
technique.
1.2 . Experimental:
All melting points were determined using a Gallenkamp apparatus 
All steroids were p u r if ied  by re c ry s ta l iz a t io n  p r io r  to 
la b e l l in g ,  and obtained from the Sigma Company.
The'Hnmr spectra were recorded a t  25 ± 1°C with a Bruker 
WH90 pulse spectrometer a t  90MHz.
Organic solvents (dioxan and acetone) were p u r if ie d  as follows:  
5% w/v of Raney nickel was mixed with the solvent, refluxed  
fo r  30 minutes, cooled, f i l t e r e d ,  and f in a l l y  d is t i l le d .
1 .2 .1 .  Procedures:
1 .2 .1 .1 .  Preparation o f s ta r t in g  m ate r ia ls :
1 . 2 . 1 . 1a 2?2 — Dimethyl-dihydrotestosterone:
I t  was prepared from dihydrotestosterone and methyl iodide  
in t-butanol-butoxide medium. 22
The p u r i f ic a t io n  of the residue was carried  out by 1.00mm 
preparative TLC s i l ic a  gel plates using 75:25 cyclohexane:ethyl acetate  
Melting point of the product was 131-133°C ( L i t .  m.p. = 
134-136°C).22
1 .2 .1 .1b  A^Testosterone:
I t  was prepared from dehydrogenation of testosterone propionate
23
with 2, 3-dichloro-5 ? 6 r-dicyanobenzo-l, 2-quinone (DDQ). Melting  
point of the f in a l  product ( A^testosterone) was 167-169°C.
The p a r t ia l  analysis of'Hnmr spectra of these prepared s ta r t in g  
materials (Fig 1-3 and 1-4) can be summarized in table (1 -2 ) .
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Table (1 -2 ) P a rt ia l  analysis of'Hnmr spectra of the prepared 
sta rt in g  materials
Steroid Solvent
Chemical
S h if t
(ppm)
Assig.
Coupling I 
Constant 1 
(Hz)
2 ,2-Dimethyl-di hydro­ CDC13 1.16 23CH3 _
testosterone 1.07 2aCH3 -
1.0 I 9-CH3 -
0.75 18-CH3 -
A^Testosterone CDC1 3 3.64 17a -  - -
6.08 4 _
6.23 2 1,0(2H,4H)=1 .8
3J(2H,1H)=10.2
7.08 1 3J(1H,2H)=10.2
Fig (1 -3 ) l H Coupled ^nmr spectrum of  
A 1 - testosterone in CDC13
11
J 1 Q
Fig (1 -4 )  l H Coupled ^Hnmr spectrum of
2 , 2-dimethyl-dihydrotestosterone in CDC13
1 .2 .1 .2 .  Preparation of t r i t i a t e d  steroids:
1 .2 .1 .2 a  General procedure of base c a ta ly s is :
The substrate in 1ml o f dioxan (A .R .) containing 5ul o f  HTO 
/ ^50Cvmrt)and a p e l le t  of sodium hydroxide was kept in an evacuated 
sealed tube at a reaction temperature fo r  a length of time, as shown 
in table  1-3.
On completion, anhydrous ^ S O i*  was added and the so lution was 
transferred  to a separatory funnel containing about 50ml o f  d is t i l l e d  
water and extracted with chloroform (3 t im es). The organic layer  was 
dried over Na2S0t4, a few mis of ethanol was added to remove any la b i le
t r i t iu m ,  evaporated to a small volume under N2 gas, and f in a l l y  
freeze-d r ied .
Table (1 -3 ) Steroids used in base catalysed exchange reactions.
Steroid Wt.(mg)
Temp.
(°C)
Perio d 
0 0
Dihydrotestosterone 47.9 83 5
Epiandrosterone 50 .0 R.T .+ j83 j 45 + 43 +
5a-Androstane-3,l7-dione 50 .0 . 83 64
5a-Androstan-16one-33ol 21.6 85 62
2 , 2- Dimethyldihydrotestosterone 28 .0 85 16
5a -A n d ro s ta -3 ,l l ,17 - tr io n e 14.7 70 62
A1’ 4-Androstene-3,l7-dione 40.1 85 62
A^-Androstene-Sjl7-dione 50.0 85 65
A1-Testosterone 50.0 85 64
1 .2 .1 .2 b  Hydrogenation o f unsaturated precursors:
This was carried out by using the apparatus shown in Fig 1 -5 , using
24
the standard procedure mentioned in Tang's thesis.
The reaction mixture was exposed e ith e r  to a certa in  volume of  
the hydrogen-tritium gas mixture (10:1 H2 /T 2 gas mixture) depending upon 
the number o f the moles o f the substrate used, or to the whole mixture  
at atmospheric pressure and room temperature.
13
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Fig (1-5 ) Gas t r i t i a t i o n  manifold fo r  handling multi curie  
quantit ies  of hydrogen-tritium mixtures.
1- [4ar 5 a -3h] ~ Dihydrotesterone:
20mg of testosterone was dissolved in 15ml o f  p u r i f ie d  acetone 
containing 47mg of Wilkinson's Catalyst. The solution was s t ir re d  
under 2ml of the mixed hydrogen-tritium gas fo r  3 days.
On completion, ethanol was added, and evaporated under N:; gas
The residue was dissolved in e ther, and f i l t e r e d  through a layer o f  
neutral alumina to remove the ca ta lys t .
The labe lled  product was p urif ied  on a 1.0mm preparative  
TLC s i l ic a  gel plate using 1:1 cyclohexane:ethylacetate. The 
radioactive band was eluted by deactivating a t f i r s t  with a few drops 
of water, and extracted with 9:1 dichloromethane:methanol, 25to 
minimize the label destruction during e lu t io n .
The solution was dried over anhydrous Na2S0if , evaporated 
under N2 gas to a small volume and f in a l l y  freeze -d r ied .
2- f l a , 2 a - 3H ^-Testosterone:
20mg of A1-testosterone in p u r if ied  acetone containing 49mg 
of Wilkinson's Catalyst was exposed to the gas mixture a t  atmospheric 
pressure and room temperature.
On completion, the same procedure mentioned above was carr ied  
out in purify ing the labelled  product.
3- Q $ ,2 g -3H ^ -Testosterone:
30mg of A^testosterone in p u r if ied  dioxan containing 10.8mg 
of 5% P<f/C was reduced under the gas mixture a t atmospheric pressure 
and room temperature.
A fte r  a length o f time, the mixture was f i l t e r e d  under reduced 
pressure, ethanol was added, and the solution was evaporated under N2 
gas. The residue was dissolved in chloroform and p u r i f ie d  on 1.0mm 
s i l i c a  gel TLC plates using 1:1 cyclohexane:ethylacetate fo r  develop­
ment (3 times). The product was extracted as mentioned above.
The solution was dried over anhydrous Na2S0it , evaporated under 
N2 gas to a small volume and f in a l l y  freeze dried.
1 .2 .1 .2e [j2»4 -  3H 5a-Androstane-3,17-dione:
Preparation o f Joner reagent:
This was prepared by dissolving 2.672g o f chromium tr io x id e  
in a mixture of 2.3ml of concentrated sulphuric acid and d i lu t in g  
with water to a volume of 10ml.
30mg of (2 ,4 -  3hj]- di hydrotestosterone, prepared by base 
cata lys is  (sp. a c t iv i t y  = 34.8 mCi/mmole) was dissolved in 10ml of 
p u rif ied  acetone, and a drop o f Joner reagent was added. The 
solution was s t ir re d  fo r  about 5 minutes a t room temperature (normally
0 -20°C ).
On completion, water was added, the mixture was extracted  
with chloroform (3 tim es), and the organic layer was washed with  
water. The solution was dried over Na2S04 , evaporated under N2 
gas to a small volume and f in a l l y  freeze-dr ied .
y
1 .2 .1 .2d  General procedure o f  m e ta l-c a ta ly t ic  heterogeneous
exchange reactions:
Catalyst ac tiva tion :
400mg of sodium borohydride was added slowly to a suspension 
of lOOmg platinum oxide in water. The excess of borohydride was 
hydrolysed by heating the medium to 70°C and the platinum was washed 
with water to get r id  of the s a l t s . 26
Exchange reactions:
The substrate, pre-reduced platinum oxide, and 5ul o f HTO 
(50 'C im l*1) were kept in an evacuatedsealed tube at the reaction  
temperature fo r  a length of time, as shown in table  1-4.
On completion, anhydrous Na2SOtf was added and the solution  
was transfered to a separatory funnel containing about 50ml of  
d is t i l l e d  water and extracted with chloroform (3 tim es). The organic 
layer was dried over Na2S0i+, evaporated to a small volume under N2 
gas, and f in a l l y  freeze -d r ied .
Table (1 -4 ) Steroids used in m eta l-c a ta ly t ic  heterogeneous 
exchange reactions:
Steroid Wt.(mg)
Wt. o f  
ca ta lys t  
before 
activa tion  
(mg)
Temp
(°C)
Period
(h)
5a-Cholestane 11.0 10.0 125 40
5a-Androstane 45.6 11.8 150 45
56-Pregnane 47.9 12.8 140 45
Melting points of the s ta r t in g  compounds and the lab e lled  
products were a guide to p u r i ty ,  as shown in table (1 -5 ) .
Table (1-5) Melting-points o f t r i t i a t e d  and non-labelled s tero ids .
Steroid M.p. of non-
labe lled
steroid
(°C)
M.p. of 
labe lled  
steroid  
(°C)
5a-Cholestane 79-80 78-80
5a-Androstane 48-49 47-49
56-Pregnane 80-81 77-78
1 .2 .2 .  Purity  o f t r i t i a t e d  ke to -s tero id s:
Both chemical and radiochemical purity  of the t r i t i a t e d  
keto-steroids were checked on 0.25mm TLC plates of s i l i c a  gel using 
1:1 cyclohexane-ethylacetate. The radioactive band was id e n t i f ie d  
by radiographic scanning using the Panax Thin-Layer Scanner (RTLS-1A). 
From the scanning, only one peak was obtained. I ts  Rf value was 
s im ila r  to tha t of authentic m ateria l.
Samples of t r i t i a t e d  keto-steroids were submitted fo r  nmr 
analysis , as a matter of course, to establish the radiochemical p u r ity  
This additional check was made, since chromatography with one solvent 
system is not enough fo r  establishing p u r ity .  However, id e n t i f ic a t io n  
by th is  technique is sometimes d i f f i c u l t ,  especia lly  fo r  generally  
labelled  complex molecules.
1 .2 .3 .  Radioactiv ity  measurement o f t r i t i a t e d  s te ro id s :
The labelled  m ate r ia l,  a f te r  d i lu t io n ,  was dissolved in toluene  
(sulphur free ) containing 2,5-diphenyl-oxazole. (ppo) (8.5g of ppo/2.5  
l i t r e  of to luene), using a Beckman LS-100 counter.
Broadly speaking, the counting e f f ic ien cy  varies from sample to 
sample dueto phenomena o f chemical and colour quenching. This 
decrease in counting e ffic ien cy  is caused by processes in te r fe r r in g  wi 
the production o f l ig h t  in the 1 liquid s c in t i l la n t  and i t s  transmission 
to the photom ultip lier of the counter. In chemical quenching, 
compounds in solution in te r fe re  with the energy tra n s fe r  from the 
emitted rad iation  to the phosphor, the energy being degraded without 
the emission o f l ig h t .  In colour quenching, coloured compounds 
absorb l ig h t  emitted from the phosphor preventing i t s  detection .
In the case of labelled  stero ids, only chemical quenching might 
occur, and this can be minimized by using t r i t i a t e d  compounds o f low 
concentrations within a range o f acceptable count ra tes . The measure­
ment e f f ic ie n c y  is normally carried out using[_3HJ-hexadecane as an
in ternal standard by th is  instrument ( in  a range of 30-40%) to 
determine the absolute term of spec if ic  a c t iv i t y .
In th is  work, counting e f f ic ie n c y  was not taken in to  considera­
tion in working out the ra d io a c t iv ity  (mCi) and molar spec if ic  a c t iv i t y  
(mCi/mmole) o f  the t r i t i a t e d  steroids shown in table 1 -6 , 1 -7 , 1-8 and
1-9.
1.3 Results:
The ra d io a c t iv ity  (mCi) and molar spec if ic  a c t iv i t y  (mCi/mmole) 
of the t r i t i a t e d  steroids can be summarized in table  1 -6 , 1 -7 , 1-8  
and 1-9.
Table (1 -6 ) T r i t ia te d  steroids prepared by base cata lys is
Labelled Steroid Wt.
(mg.)
Radio- 
A ctiv i ty
Sp.
A c t iv i ty
[2 ,4 -3Hj Dihydrotesterone 47.9 16.182 98; 0
[16-5h]  Epiandrosterone 50.0 5.3 31.0
[2 ,4 ,1 6 -3hJ 5a-Androstane- 3 ,1 7-dione 50.0 13.3996 77.2
(j 5 ,1 7 -3h] 5a-Androstan-16one-3eol 21.6 13.872 186.2
[4 -3H] 2 ,2-Dimethyl-dihydrotesterone 28.0 9.11 103.5
(£ ,4 ,9 ,1 2 ,1 6 -3H] 5a-Androstane- 
3 ,1 1 ,17 -tr ione
14.7 5.782 118.8
0 6 - 3h] a 1 ' ^-Androstene-3,17-dione 40.0 5.728 40.7
[2 ,4 ,6 ,1 6 -3h] A4-Androstene-
3 ,1 7-dione
2 2 .0 23.3 302.9
(4,6^.3h] A^Testosterone 22 .0 2.5248 32.8
Table (1 -7 )  T r i t ia te d  steroids prepared by metal-heterogeneous 
c a ta ly t ic  exchange reactions.
Labelled steroid Wt.(mg)
Radio- 
acti vi ty
Sp.
a c t iv i t y
jjG- 3H^ J 5a-Cholestane 11.0 1.1811 39.9
[ g - 3h] 5a-Androstane 45.6 4.128 23.5
^G-3h] 53-Pregnane 47.9 7.935 47.7
Table (1 -8 ) T r i t ia te d  steroids prepared by hydrogenation 
using (10:1) of H2 /T 2 gas mixture
Labelled steroid Wt
(mg)
Radio­
a c t iv i t y
Sp.
a c t iv i t y
(jkx,5a-3H] Dihydrotesterone - 1.07 -
|l a , 2a- 3hJ Testosterone 20.0 139.0 2001 .6
j j 3 j 2 3 - 3Hj Testosterone 5.0 4.3 247.7
Table (1 -9 )  T r i t ia te d  steroid  prepared by oxidation with  
Jones- reagent.
Labelled steroid
r----- ------------
Wt.
(mg)
Radio- 
a c t iv i  ty
Sp.
a c t iv i t y
[ 2 S4 - 3H*] 5a-Androstane- 
3 ,17-di one 29.6 3.12 30.4
1.4 . Discussion:
Cata ly tic -reduction  o f unsaturated precursors:
The reduction is normally carried out in aprotic  solvent under 
the influence o f a c a ta ly s t ,  e i th e r  heterogeneous (P j/C ) or 
homogeneous (Wilkinson's C a ta lys t) .  This is  to reduce the isotopic  
d ilu t io n  by e q u il ib ra t io n  with the la b i le  hydrogen o f a p ro t ic  solvent.  
Thus products of high a c t iv i t y  are favoured .27
In homogeneous c a ta lys is ,  hydrogenation occurs from the less 
s t e r ic a l ly  hindered side (a -s id e ) .  Thus the p a r t ia l  reduction o f  
A1-testosterone gave s te re o -s p e c if ic a l ly  labe lled  [[la, 
testosterone . 1 S im ila r ly ,s a tu ra tio n  of the A^-double bond28, in  
testosterone, produced mainly C4a,5a-3H]^dihydrotestosterone.
This is in contrast to p a r t ia l  reduction of A^testosterone  
by heterogeneous cata lys is  using PJ/C. In th is  m atter, the addition  
of hydrogen takes an opposite stereochemical course in which about 
75% of the t r i t iu m  atoms are located in the beta-oriented positions
29
of the labe lled  product. 1 This can be confirmed by tnmr spectroscopy.
The d i f fe r in g  stereoselective attack by the two cata lysts  in  
the t r i t i a t i o n  o f Ax-testosterone has been explained by the conformation
3 0
of the substrate and the re la t iv e  size of the ca ta lys ts . The 
molecular structure elucidated by a crystal structure determination is
3 0
shown in Fig 1-6 .
I t  might be that e i th e r  the a or the 3 side of ring A could 
approach a planar surface. However, the dihedral angle o f 128° 
between the least-squares plane of ring A and the 1east-squares plane 
of C-6  through C-17 indicated that ring A of th is  steroid  is bent 
extraordinary downward. As seen read ily  from the f ig u re ,  the D ring  
would prevent proximity of the a-side o f  the C-j double bond to the 
activated t r i t iu m  on the large surface of the insoluble palladium
21
c a ta ly s t . -  The Wilkinson's C ata lys t, on the other hand, being a 
dissolved organic molecule, is probably not influenced by ring D 
and therefore able to attack the a-s ide of the ring A.
, 0 9
.00
[cto
,CV.
C9
C3"Q
C7
Ctt
Fig (1 -6 ) The molecular structure o f A^testosterone projected  
paralled to the C f s ' j - C ^ v e c t o r  situated on planar  
surfaces e ith e r  a or ‘B to the stero id .
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This explanation, however, f a i l s  to explain why homogeneous 
cata lys is  is so se lec tive . I f  the ca ta lys t  can f i t  from the C- 3 
to C- 6 on the a-side of the A^testosterone (Fig 1 -6 ) ,  then the 
ca ta lys t should equally well f i t  on the B-side. The reason fo r  the 
s te reo s e le c t iv ity  observed with homogeneous cata lys is  thus appears to 
remain obscure.
Base c a ta ly t ic  exchange reactions:
The saturated ke to -s te ro id s , shown in tab le  1 -6 ,  were lab e lle d  
via enolization by base cata lys is  at the a-carbon atoms to the ketone 
function.
The mechanism of eno liza tion  involves a t ra n s it io n  s ta te  in  
which the (B-H) bond, where (B) is the base, is more strongly developed 
and the a lky l portion has some carbanion character. The carbon atom, 
shown below, which is losing a proton w il l  therefore s t i l l  be 
nearly tetrahedral in configuration and the tra n s it io n  sta te  w i l l  be close
to the ketone in e lectron ic  structure and geometry.
This step is considered as a rate  
determining step ( in  determining the overall  
rate  o f  reaction) which is followed by t r i to n  
addition to produce the labe lled  product.
Conjugated enones are also labe lled  but at positions as f a r  as 
three carbon atoms away from a given ketone fu n c t io n .2a In such 
compounds, the v in y l ic  hydrogen in the a -position  to the ketone can be 
replaced by t r i t iu m ,  in addition to the hydrogens activated  by 
en o liza t io n , as in the case o f la b e l l in g  A^-androstene-3,17-dione  
and A1- tes tosterone, shown in table  1-6 .
The t r i t i a t e d  keto-steroids prepared by th is  method have an 
advantage o f high a c t iv i t y ,  where the range is (30-186 mCi/mmole), 
as shown in tab le  1-6 . This compares with (1-10 mCi/mmole) produced by 
other exchange techniques based on eno liza tion  such as adsorption 
chromatography on basic alumina containing HTO (1 Ci/ml) -  developed
qlf 3 3
by Klein and Co-workers: • -  a method applied by Hoffman e t  a l .
in preparing the labelled C254 - 3h]1 b i le  acids?4
The one step method can be used in la b e ll in g  other keto-stero ids  
to be applied as tracers in stero id  app lications. They may be used 
because of th e i r  b iological in te re s t ,  or as a source in the preparation  
of others. Extremes of temperature and pH must be avoided to prevent
a s ig n if ic a n t  loss in spec if ic  a c t iv i t y  of the s te ro id ,  because o f the
r e v e r s ib i l i t y  o f the enolic exchange reactions.
H - .
\
/
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2 .1 .  Introduction
2 .1 .1 .  Significance o f 3Hnmr spectroscopy 
I t  can be summarized as follows:
1. As an ana ly tica l tool:
I t  is  a stra ightforw ard, r e l ia b le ,  non-destructive, and 
rapid technique fo r  establishing the positions of t r i t iu m  atoms, 
th e i r  stereochemical o r ien ta tions , and th e i r  re la t iv e  amounts a t  
each s i te  o f the t r i t i a t e d  molecule. So i t  is o f v i ta l  importance 
in determining the s p e c if ic i ty  and s te reo s p ec if ic ity  o f the la b e l l in g  
method. Moreover, i t  has an advantage of establishing the radio­
chemical p u rity  of the t r i t i a t e d  compounds, and i t  has helped to make 
the one step c a ta ly t ic  procedure (general la b e ll in g  method) a useful 
technique in lab e llin g  certa in  compounds, fo r  example, the lab e lle d  
carcinogenic polycyclic aromatic hydrocarbons.1
2. In reaction mechanism studies:
In c a ta ly t ic  hydrogenation, fo r  instance, tnmr has been used 
to f ind  out the mechanism of double bond reduction using d i f fe r e n t  
cata lysts . Thus the behaviour o f  A1) ^ -S-keto-steroids under 
heterogeneous and homogeneous cata lys is  has been s tud ied .2
3. In biological studies:
Tnmr spectroscopy can play a major ro le  in checking the in t e r ­
pretation of metabolic and pharmacokinetic studies, as with s te ro id s ,2^3 
and in radioimmunoassay work as well in which the position o f la b e l l in g  
is important when there is the p o s s ib i l i ty  of isotope e ffe c ts  seriously  
a ffec ting  protein binding of the tracer .
In add ition , i t  is applied to f ind  out the mechanism of enzyme 
action, fo r  example, dehydrogenation of testosterone by the b ac ter ia l  
A^dehydrogenases, using cylindrocarpon rad ic io la  that causes
l a , 23- t ra n s -d ia x ia l  e lim ination  from the c is - la b e lle d  0  , 2 - 3H >  
testosterone in y ie ld in g  [^ f l -A ^ te s to s te r o n e .4
I t  was shown that the biological cyc|isation of 2 ,3-oxido-  
squalene with a chi r a l ly  labe lled  (R)-CHDT methyl group into  
labe lled  cycloartenol had occurred with retention o f  configuration . 
This is  shown in Fig. 2 -1 . The labe lled  precursor was incorporated  
by using a microsomal frac tion  from Ochromonas malhamesis, and the 
labe lled  stero l product was examined by 3Hnmr spectroscopy.5
t d h c
(2,3-oxidosqualene)
(a) Biosynethesis o f cycloartenol
HO’
(cycloartenol)
inversionretention
— H
HOHO
(b) Formation o f cyclopropyl ring in cycloartenol.
Figure 2-1 (a) Biosynthesis of cycloartenol from 2,3-oxidosqualene
(b) Formation of the cyclopropyli ring in cycloartenol
In other studies dealing with the binding of t r i t i a t e d  compounds 
to s ites  o f biopolymers (DNA, RNA, prote ins, e t c . . . ) , 6" 8 i t  would 
appear to be essential to know the quantit ive  d is tr ib u t io n  o f t r i t iu m  
in the substrate tracer  compounds. The covalent binding o f t r i t i a t e d  
oestradiol and oestrone, as established carcinogens, to DNA using 
both chemical methods and ra t  l iv e r  microsomal preparations, fo r  
example, resulted in the loss o f t r i t iu m  fo r  the 2- and 4- positions  
but apparently no loss from the 6- and 7- p o s it io n s .8
2 .1 .2 .  Nuclear magnetic properties o f  t r i t iu m :
The t r i to n  ( t r i t iu m  nucleus) has a spin quantum number o f  1/2  
l ik e  the proton, but a higher in t r in s ic  nuclear magnetic moment ( U j ) ,  
so th a t  the magneto-gyric constant (y j ) (ar-f=D j/ I^ 2 ^ =Ca.4.5414xl07H z T ^  
is  la rger  than that fo r  the proton(:^=Ca.4.2577xl07HzT~1) .  Hence 
the resonance frequency ( v )  (v=y B)  fo r  3H is higher than fo r  ^nmr 
at the same f ie ld  strength ( b )  by the fac to r  Yj / y^ (= Ca. 1.06664) 
and the spectral dispersion ( in  Hz/un it chemical s h i f t *  <s ppm) is  
s l ig h t ly  b e tte r  by th a t  fac to r:  fo r  a spectrometer which operates a t
90 MHz fo r  portons, with a f ie ld  o f 2.11 te s la ,  the operating frequency 
fo r  3Hnmr is 96 MHz. A fu r th e r  consequence is the increased s e n s it iv i ty  
to detection, which is 1.21 fo r  the t r i to n  at (100% abundance)9 
compared with 1.0 fo r  the proton at the same f i e l d .  Obviously, th is  
improved s e n s it iv i ty  f a c i l i t a t e s  the nmr examination o f t r i t i a t e d  
compounds, especia lly  as the isotope w i l l  usually be present a t  low 
abundance, e .g . 3x l0"2 -  3xl0~5% per s i t e ,  corresponding to rad io ­
a c t iv i t ie s  of lOmCi -  10yCi per s i te .  I t  is o f course important to 
employ a lab e ll in g  level appropriate to the detection c a p a b i l i t ie s  
of the ava ilab le  instrumentation in order to obtain adequate 
spectra (Fig 2 -2 ) .
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Fig. (2 -2 ) 3Hnmr spectra ( 1H decoupled) o f 3$-hydroxy
[ 7 - 3H] androst-5en-17one in d6-DMS0 a t  96MHz
(a) lOmCi, 3.6 x 104 trans ien ts , 16h.,
(b) lOOyCi, 3x l05 trans ien ts , 130h.
The preceding ra t io  o f  magneto gyric  constants is not usually  
d ire c t ly  measurable, the constants re fe rr in g  to bafe nu c le i ,  but i t  
has been v e r i f ie d  by experimental measurement o f the Larmor frequency 
ra t io  WT/W  ^ o f ( 1 .06663975±3xl0"8) 10 which was obtained from measure­
ments o f the t r i to n  and proton resonance frequencies a t constant f i e l d  
made on each o f a wide va r ie ty  of p a r t ia l l y  m onotritiated compounds, 
because o f  dependence o f the resonance frequency on the gyromagnetic 
constant from its  d e f in it io n  (v=yBq ) .
The (21 + 1 )  quantum rule ind icate? ju s t  two energy states  
fo r  the nuclear magnetic vector of the t r i t o n  in  a magnetic f i e l d .
But I = 1/2 also implies spherical nuclear symmetry so th a t  the only 
property of the nucleus dependent upon o r ien ta tio n  is the magnetic 
moment. Consequently the re laxation  o f t r i to n s  from th e i r  upper spin 
state  w i l l  only be induced by magnetic f ie ld s ,  and these need to have 
components perpendicular to the applied magnetic f i e ld  and which are 
o s c il la t in g  with the resonance (Larmor) frequency. Such f ie ld s  w i l l  
arise by chance in the sample from the co llec t io n  of nuclear spins.
ou
This mechanism of sp in -1a ttice  re laxa t io n , as fo r  the proton, is a 
slow process leading (by the u n c e r ta in ty  p r in c ip le )  to narrow 
l in e  widths. Because, a lso , the resonance frequencies fo r  the two 
nuclides are s im ila r ,  t r i to n  re laxation times should be s im ila r  to 
those fo r  corresponding protons,11 as measurements o f Tj suggest.11
2 .1 .3 .  Characteristics of 3Hnmr spectroscopy:
Chemical s h i f t :
The chemical s h i f t  (6) of a nucleus (x) is  defined as the 
difference between the frequency o f the resonance lines (vx) o f the 
samples (S) and the in terna l references ( r ) ,  and can be expressed by 
equation 2.1
The condition fo r  resonance of a nucleus (x) a t  constant 
f ie ld (B o ) is given by equation 2.2
where * x = y x/2?^
Combination of the two equations 2.1 and 2.2 fo r  the t r i t o n  and 
proton gives the equation 2.3 as follows:
I f  the nuclear screening constants (6 and 6^) are mainly 
functions of the local molecular environment, which fo r  a single
<5* = ( 4  -  < ) / Vx = ^ / v x -  1
vx = * xbo ( i - < g . . .2. 2
. . . 2 . 3
isotopic replacement is v i r tu a l ly  unchanged, then and
(6^*^  6^), so that equation 2.3 reduces to the approximation 2 .4
. . . 2 . 4
This approximation was experimently v e r i f ie d  by p lo tting  
(6^) against (6^) ‘fo r  a wide var ie ty  of p a r t ia l ly  m onotritiated  
compounds, measured under the same conditions and using t r i t i a t e d  
water as in te rna l standardAxtraight l in e  of slope unity  and zero 
in tercept was observed.10 Therefore, the single isotopic  
replacement of 3H fo r  in a molecule does not a f fe c t  the 
screening a t  tha t position appreciably, in spite  of the r e la t iv e ly  
enormous isotopic mass d ifference.
In other experiments the Larmor frequency ra t io  (W /Wu) was
T ri
measured fo r  a va r ie ty  of p a r t ia l l y  m onotritiated compounds at constant 
f i e l d ,  using t r i t i a t e d  water as a re fe ren ce .10 I t  was found constant 
to 7 decimal places and the average value 1 .06663975±3xl(T8 was in good 
agreement with Duffy's early  value of 1.06663975(2)12.
Hence information concerning chemical s h i f t  values can be 
applied d ire c t ly  to the in te rp re ta t io n  o f 3Hnmr spectra of t r i t i a t e d  
compounds, because the sh if ts  are v i r tu a l ly  the same.
Isotope e ffec ts  on chemical s h i f t :
The e ffec ts  of isotopic substitu tion  on the magnetic shielding  
of nuclei, have been known fo r  some time. Isotopic substitu tion  
normally a lte rs  the dynamic state of a molecule. The change in mass 
of the p a r t ic u la r  nucleus modifies the v ib ra tion a l and ro ta tiona l  
motion of the molecule which causes a small change in the e lec tro n ic  
structure , and, hence, of the magnetic shielding o f the various nuclei 
at the s i te  of substitution (primary isotope e f fe c ts )  and a t  other nuclei 
in the molecule (secondary isotope s h i f ts ) .
Very small discrepancies between 3H and !H chemical s h if ts  have 
been observed from even more precise measurements. The Larmor 
frequency ra t io  (W /W^) thus depends upon the carbon-hydrogen bond 
hybrid isation , and hence the ra t io  of the isotopic nuclear screenings
is not quite constant: there is very small dependence upon bond order.
Nevertheless i t  is confirmed that t r i to n  and proton chemical sh if ts  are 
the same to w ith in  ± 0 .0 2  ppm.13 This l a t t e r  is then the magnitude 
of the primary t r i t iu m  isotope e f fe c t ,  which is hardly d i f fe re n t  from 
normal routine nmr e r ro r ,  despite the r e la t iv e ly  enormous isotopic mass 
d ifference. Evidently the combined e f fe c t  o f the d i f fe re n t  e le c tro ­
n e g a t iv i t ie s ,  zero point energies, bond lengths, and Van der Waals 
rad ii  upon the screening constants is  very small. The upfie ld  s h i f t  
in a t r i t iu m  resonance resu lt ing  form the (+1) e f fe c t  of another 
t r i t iu m ,  as in CHT2 or CT3 methyl groups, is  Ca.-0.02 ppm. The secondary 
isotope e f fe c t  is .0 .01  ppm fo r  an additional v ic ina l t r i t o n . 13 These 
s h if ts  are generally  ju s t  enough to be properly resolved a t  96MHz 
(2.11 te s la )  and enable m ultip le  la b e l l in g  to be id e n t i f ie d .
In the present study, however, such e ffec ts  on chemical s h if ts  
cannot be observed due to the low spec if ic  a c t iv i t y  of the t r i t i a t e d  
compounds used.
Coupling constants:
An analysis of nuclear spin-spin coupling between two nuclei of  
1st row elements, N and N~, via electron spin and electron o rb ita l
g
motion, indicates tha t a l l  contributions to the coupling constant 
(JNN~) are proportional to the product of the magnetogyric constants, 
so th a t  equation (2 .5 )  should hold
JNN/yNyN = JNN/yNyN = JNN/yNyN = e tc - ‘ - . . . 2 . 5
I t  is thus possible to predict t r i to n  coupling constants to 
other nuc le i,  knowing the ra t io  o f the appropriate magnetogyric 
constants and the corresponding proton-proton coup ling .14-* 13 The 
relationships givenin equation (2 .6 )  fo llow  from equation (2 .5 )
Hence equation (2 .7 )  can be w rit ten  using the best ava ilab le  
experimental value fo r  the Larmor frequency ra t io  in place o f the 
ra t io  o f magnetogyric constants!3
J t , t  =  JH , t  x 1.06663974 = JH „ x ( 1 .06663974)2 . . . 2 . 7
I t  has been a practice to ca lcu late  inaccessible proton-proton couplinc 
constants (such as geminal 2J^ where the protons have the
same chemical s h i f t )  from measurement of the deuteron-proton coupling 
constant (equation 2 .8 )  but th is  approach suffers in precision from the
small value o f the observed s p l i t t in g  and uncerta inties from possible
lin e  broadening,as well as the unfavourable numerical fac to r  which 
magnifies those in t r in s ic  errors .
JH,H = °H,D x 6 -5144 . . . 2 . 8
Much bette r practice is to use t r i t iu m  substitu tion  and 
calcu lation  (equation 2 .7 )  from the observed tr it ium -pro ton  coupling 
in the 3Hnmr spectrum: the observation can be made as accurately as
fo r  measurement of a proton-proton coupling constant and the
m ultip ly ing fac to r  is not f a r  from u n i ty !3514
Discrepancies between predicted and measured couplings may be 
found. This is because Fermi-Contact theory, tha t explains the 
re la tionsh ip  between the coupling constants o f adjacent nuclear spins 
and th e ir  magnetic ra t io  as i l lu s t r a te d  above, neglects changes in 
electron d is tr ib u tio n  resu lting  from an isotopic sub stitu tion . The 
discrepancies are called isotope e f f e c t s .14
Referencing:
Theory indicated that t r i to n  chemical s h if ts  ( in  ppm) are 
ess en t ia l ly  the same as the corresponding proton chemical s h i f ts ,  as 
previously discussed. This suggested the use of a ghost reference.
The preferred technique is to use in te rna l TMS or (DSS) in  
the normal way with a deutrated solvent to provide the f ie ld s  
frequency lock. The position of the TMS signal in the ^nmr spectrum, 
i . e .  i t s  resonance frequency, is obtained from the spectrometer output 
a f te r  only a few pulses and Fouler transformation. M u lt ip l ic a t io n  by 
the Larmor ra t io  (1.06663974) then gives a corresponding reference 
frequency fo r  the transformed 3Hnmr spectrum. The transm itte r  and 
matched probe are then changed fo r  the 3H accessories, and with the 
same sample (and hence at exactly  the same locked f i e l d ) ,  the 3Hnmr 
spectrum is  acquired and eventually transformed,The 3H pulse point  
is known and the corresponding computer address. Hence the calculated  
3H reference frequency can be assigned to i t s  correct address and the 
l a t t e r  treated as the in ternal reference point. The procedure is  
e f fe c t iv e ly  the same as i f  m ono-trit ia ted  TMS had been used as an 
in terna l reference. Recently p a r t ia l l y  m ono-trit ia ted  TMS was 
synthesised; i ts  use confirmed the v a l id i t y  of the ghost referencing  
procedure,13 and a t the same time the Larmor ra t io  was revised s l ig h t ly  
to (1.066639738 ± 2x l0"9) .
Quantitation o f nmr data :
For hydrogen resonance, the re la t iv e  numbers o f nuclei 
responsible fo r  the signals are obtained from the signal in te n s ity  as 
measured by peak area by electronic in teg ra tio n . Only in the case of 
hydrogen isotopes is the signal in te n s ity  d i re c t ly  proportional to the 
number o f nuclei responsible fo r the nmr s ignal. In th is  context,  
signal means one peak, or, i f  spin coupling is present, the whole 
multi p ie t .  Because each t r i to n  in a t r i t i a t e d  sample contributes f u l l  
share to the to ta l t r i t iu m  signal in te n s ity ,  the in tegrated in te n s it ie s  
of the various signals of a tnmr spectrum give d i r e c t ly  the t r i t iu m  
d is tr ib u t io n  in the compound under investiga tion .
The d ire c t  correspondence between integrated signal in te n s ity  
in tnmr spectra and the ra d io a c t iv ity  determined by counting was 
early  demonstrated using samples of t r i t i a t e d  w a te r .15 Hence the 
t r i t iu m  analysis derived from undecoupled tnmr spectra are 
undoubtedly accurate to w ith in  normal nmr l im its  (±2%). When 3H signal 
in te n s it ie s  are measured with simultaneous XH decoupling, errors may 
arise  from d i f fe r e n t ia l  nuclear Overhauser e f fe c ts ,  but these are not 
large and can normally be ignored, as is  described la te r .
Nuclear Overhauser e f fe c t  (nOe):
I t  is a signal enhancement due to the use of decoupling f ie ld s ,
and might be expected to appear in tnmr spectra as a re s u lt  o f  proton
spin decoupling.
Nuclear Overhauser e ffec ts  arise  only when nuclei are close
enough to one another fo r  d ipole-d ipo le  in te rac tion  to provide a
_6
dominant re laxation mechanism. There is  an ( r  ) dependence, 
where ( r )  is the in te r-n u c lea r  distance.
I r ra d ia t io n  o f the protons increases the population of th e i r  
upper spin state  re la t iv e  to the lower. To compensate, and maintain  
an overa ll Boltzmann d is tr ib u t io n  between lower and upper spin states  
fo r  the whole o f  the system o f  in te rac ting  nuclei ( t r i t o n  and protons),  
a corresponding red is tr ib u tio n  o f  t r i to n  spins occurs to give a greater  
population in th e i r  lower spin s ta te . More ( r f )  energy is absorbed 
and the increase in t r i to n  signal strength resu lts .  The th eo re t ica l  
maximum (nOe) fo r  th is  system is 47% (y ^ /2Yt ) - 16 Errors in t r i t o n  signal 
in te n s it ie s  dut to ^ I r r a d ia t io n  w i l l  then never be large and a t  the 
very worst would be (±10%) but generally  much le s s .17 This is  
acceptable in comparison with the major e f fo r t  and the many uncert­
a in t ie s  involved in conventional t r i t iu m  analysis by chemical degrad­
ation and counting. Detailed study has shown there is l i t t l e  va r ia t io n  
in nOe between d if fe re n t  t r i to n s  in a generally  labe lled  compound so 
that analysis of the t r i t iu m  d is tr ib u t io n  by in tegration
of 3Hnmr signals acquired with proton-spin decoupling is not 
m ateria lly  a f fe c te d .17 nOe can be f u l l y  e lim inated, i f  required, 
by employing l H decoupling with appropriate inverse gating (an nOe 
suppression sequence with delays o f  10 x TXS between ac q u is it io n s )18 
but th is  increases the spectrometer operating time by Ca. (4 t im es),  
which is a cost not often j u s t i f i a b l e . 17
2 .2 .  Experimental:
2 .2 .1 .  Procedure:
The t r i t i a t e d  s tero ids , as shown in table  2-rl, were dissolved  
in d i f fe re n t  deuterated solvents containing TMS as a reference in an 
evacuatedWilmad SK-1374B-3mm micro sample tubes.19
The'Hnmr- and tnmr-spectra were recorded at 25.0 ± 1°C with a 
Bruker WH90 pulse Fourier transform spectrometer operating a t 90 
and 96 MHz respective ly .
Table (2 -1 ) T r i t ia te d  steroids used in tnmr analysis
i
T r i t ia te d  steroid
|
i Method o f preparation
£ 2 , 4 - 3hJ  Dihydrotestosterone Base cata lys is  a t  a high temperature
( j 6 - 3H }  Epiandrosterone 1
^ 2 ,4 ,1 6 - 3HJ 5a-Androstane-3,17-dione II
[ 4 - 3h J -2 ,2 -Di methyl-di hydrotesterone 1
0 , 4 , 6 , 1 6 - 3hJ  A4-Androsten-3,17-dione " 1
0 6 - 3H j  A1/ 4 -Androsten-3,17-dione
i
■ " 1
1
[_4,6-3H^ j -A^Testosterone ■
0 5 , 1 7 - 3H j  5a-Androstan-16 one-3eol
|
1 !
r  2 ,4 ,9 ,1 2 ,1 6 -3h1 5a-Androstane-3,11,17- 1
trione
Conti nued
Table (2 -1 ) continued
T r i t ia te d  steroid
■
Method o f preparation
Qa-3H3~5a-Cholestane Metal c a ta ly t ic  exchange reactions
[ g- 3H J-5a-Androstane II
jjG- 3H]j-53-Pregnane ll
0 a , 5a -3H^J-Di hydroteste rone Reduction o f double bond by
H2 /T2 mix j
p a , 2 a - 3Hj>Testosterone 1
j
0 3 > 2 $ - 3h"J Testosterone
i
" !
0 2 , 4 - 3H~] 5a-Androstane-3,1 7-dione Oxidation by Jones reagent
0 3H 3-Solanidine
----------.... -----..., .............. . .....—
Reduction by sodium b o ro tr it id e
2.3 Results
The assignment o f the signals, shown in the tables (Z-2, 2 -3 , and
2 -4 ) ,  were worked out as fo llow s:-
1- Using the p a r t ia l  d e t r i t ia t io n  procedure, as with £ 2 , 4 - 3H ^ -
dihydrotesterone. The labelled  sample was l e f t  in a basic medium a t  
(25 .0  ± 0.1°C) fo r  a while (two h a l f - l iv e s  o f the more reactive s i te  in 
th is  experiment).
2- By measurement o f  the coupling constants, as with  
dimethyl-dihydrotesterone and
3- Comparison with some published results 2* 11* 20 .
21
4- Depending on the properties of the solvents used in the nmr work 
tha t play a ro le  in the spectral analysis to move the superimposed signals  
apart and also to derive some stereochemical. information.
In th is  study, the solvents, CDCl3,d 5-p y r id in e , and d6-DMS0 
were employed to show th e ir  e f fe c t  in the spectral analysis .
I t  has been observed that the largest e f fe c t  fo r  d6-DMS0 is on 
the equatorial tr i to n s  adjacent to the ketone function ranging from 
(0 .13  -  0.22 ppm), as shown in table  2 -2 , using CDC13 as a reference  
solvent, while there is a zero or s l ig h t ly  downfield s h i f t  o f  the axia l  
tr i to n s  a t the a-carbon atoms except in compound No.6
A change of solvent, e .g . from CDC13 to d5-p yrid in e  has some 
d i f fe r e n t ia l  e f fe c t  on the chemical s h if ts  o f the ax ia l and i ts  
a lte rn a t iv e  equatorial t r i to n  at the a-carbon atoms (tab le  2 -2 ) .  But 
the e f fe c t  is much less than that observed fo r  d6-DMS0 r e la t iv e  to CDC13. 
The solvent sh if ts  of these tr i to n s  are zero or small values u p f ie ld  or 
downfield, depending upon th e ir  location r e la t iv e  to the reference plane.
f l 5 , 1 7 - 3H y 5a-androstan --16one-33ol.
This plane, tha t determines the deshielding and the shielding of the 
protons, passes through the a-carbon atoms and is perpendicular to the 
C=o double bond, as indicated by Williams22 in assigning the proton 
resonances re la t iv e  to the oxo-group in ketones (e .g . 3 - ,  11 -, and 17- 
keto-stero ids) using CC14 as a reference solvent.
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Table (2 -3 )  Chemical sh if ts  (ppm) of the 
steroids labe lled  by hydrogenation with H2/T 2 
gas mix.
No. T r i t ia te d  Steroid Solvent ppm Assig.
1- f4a,  5 a - 3H}-Di hydro 
testosterone
CDC13 1.496
2.07
5a
4a
11
Figa-20
de-DMS0 1.405
1.87
5a
4a
2- I l a ,  2 a -3H|- Testosterone 
Fig 2 -2 1
d6-DMS0 1.57
1.94
2.02
2.13
2.38
la  
13 
Imp.
2a
26
3- 11 6,2b~ 3H|— Testosterone 
Fig 7 - 2 2
CDC13 1.69
2.02
2.29
2 .38
2 .43
5.83
la
16
2a
26
4
44
Table (2 -4 )  Chemical s h if ts  (ppm) o f the 
miscellaneous labe lled  stero ids.
No. T r i t ia te d  Steroid Solvent ppm Assig.
1- [ 3Hj-Solanidine c6d6 2.62 16,22
Fig 2 - 2 5
2- [ 2 , 4 - 3h} - 5 ci - c d c i 3 2.097 4a
Androstane-3,17 dione 2.295 2a
43
2.38 23
II \d5-Pyrid ine 2.08 4a
2.26 43
2.28 2a
2.35 23
II d6-DMS0 1.896 4a
2.08 2a
Fig 2 - 6 2.32 43
2.42 23
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0 6 3 124
Fig (2 -2 ) *H Decoupled 3Hnmr spectra o f ( j > , 4 - 3Hj' 
dihydrotesterone in (A) CDC13 ( expansion),
(B) ds-p y r id in e , and (C) d6-DMS0.
0 c35 2i 0 65 3 2
Fig (2-3) Decoupled 3Hnmr spectra of j j 6 - 3H ^ -  
epiandrosterone in (A) CDC13, (B) d5-p y r id in e ,  and
(C) de-DMSO.
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Fig (244) 1 H Decoupled 3 Hnmr spectra o f f2 ,4 ,1 6 -3 h]~5ci“ 
androstane-^U -d ione  in  (A) CDC13, (B) a5-pyrid ine  ( in  
expanded form), and (C) d6-DMS0.
B
Fig (2 -5 )  1H Decoupled 3Hnmr spectra o f  (jl6 - 3hJ-a i ^^-  
androstene-3,17-dione in  (A) CDC13, and (B) d5-pyrid ine
C
Fig (2-6) Decoupled 3Hnmr spectra of [ 2 , 4- 3H ] - 5a- 
androstane-3,17-dione in (A) CDCI3, (B) ds-pyridine (expansion) 
and (C) d6-DMS0.
47
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Fig (2 -7 )  l H Decoupled 3Hnmr spectra o f  ( 2 ,4 ,9 ,1 2 ,1 6 - 3Hj 
5a -an d ro s ta n e -3 ,l l ,17 -tr io n e  (expansion) in (A) CDC13,
(B) d5-p y r id in e , and (C) d6-DMS0
Table (2 -5 )  Chemical s h if ts  (ppm) o f ( 2 ,4 ,9 ,12 ,16 -3hJ 
5 a -an d ro s ta n e -3 ,l l ,17 -tr io n e
No. Solvent ppm
A- CDC1 3 1 .72 ,  2 .10 , 2 .26 , 2.29. 2.32
2 .4 3 ,  2 .45 , 2.53
B- d5-Pyrid i ne 1 .76, 2.11-r 2 .20 , 2 .26 , 2 .299 ,
2 .45 , 2 .47 , 2.54
C- d6-DMS0 1.90, 1 .95, 2 .03 , 2 .07 , 2.18
2 .31, 2 .44 , 2.47
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2.4 Discussion
2.4.1 T r i t ia te d  Keto-steroids prepared by base c a ta ly s is :
(~4-3H j-2,2-D im ethyl-d ihydrotesterone:
I ts  1H decoupled 3Hnmr spectra (Fig 2-8) show two signals due 
to la b e ll in g  o f the ax ia l and equatorial protons a t  the C-4 position  
via eno liza tion .
1T
2
Tr 10 tT3Tr T2
Fig (2 -8 ) ! H Decoupled 3Hnmr spectra of (~4-3H*|-2,2-dime thy 1- 
dihydrotesterone in (A) CDC13, (B) d5-p y r id in e , and (C) d6-DMS0.
The *H coupled 3Hnmr spectrum of th is  labe lled  s tero id  
(Fig 2-9) shows that the highest f ie ld  signal represents the 4- 
equatorial hydrogen due to i ts  coupling to 5Ha with 3J(Te, 5Ha) =
3 .9  Hz, in addition to i ts  geminal coupling to the 4 -a x ia l  hydrogen 
with 2J (Te, Ha) = 16.7 Hz. Therefore the 4 -ax ia l t r i to n  represents 
the lower f ie ld  s ignal. I ts  v ic ina l coupling constant with 5Ha 
is 13.6 Hz (trans d iax ia l coupling).
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Fig (2 -9 ) 1H Coupled 3Hnmr spectrum o f  ~
2 , 2-dimethyl-dihydrotesterone in CDC13.
Table (2 -6) shows the observed T, H and the calculated  
H, H coupling constants using equation 2 -7 ,
Table (2 -6 ) Coupling Constants (Hz) o f the labe lled  
2 ,2-dimethyl-dihydrotesterone.
Labelled Obs. Cal. Obs. Cal. Obs. Cal.
S ite 2JT,H 2JH,H 3JTa,5Ha 3JHa,5Ha 3JTe,5Ha 3JHe ,5Ha
4 (equatoria l)  
4 (a x ia l )
16.7
16.7
15.7
15.7 13.6 12.8
3.9 3.7
[4 ,6- 3h ]~ a  1 -Te st o st e ro ne :
The l H decoupled 3Hnmr spectra of th is  labelled compound 
(Fig 2-10) show two signals. The strong signal represents the exchange 
of the v in y l ic  proton a t the C-4 position , while the weak signal could 
represent the la b e ll in g  at the C-6 axial o rien tation  via eno liza t ion .
testerone in (A) CDC13, (B) d5-p y r id in e , and (C) d6-DMS0.
The preference fo r  la b e l l in g  the C-6 ax ia l position could be 
explained by the stereoelectronic theory, f i r s t  suggested by Corey.23; 24 
In th is  r ig id  system, the presence o f the 19-methyl group on the g-face  
of the molecule would otherwise be expected to in h ib i t  exchange 
la b e ll in g  a t the 6 -ax ia l s i te .
This theory normally depends on the d ifference in the degree of 
deloca lization  o f electrons in perturbed axia l and equatorial bonds 
which are alpha to an exocyclic Tv-orbita l. Such a de loca liza tion  
influences the s t a b i l i t y  o f the tra n s it io n  s ta te . Therefore there is 
better bonding in the leaving or entering a -substituent possessing
A
Fig (2-10) Decoupled1 3Hnmr spectra
the axia l o r ien ta tion  (ra ther  than the a l te rn a t iv e  equatorial 
o r ie n ta t io n ) .
2 ,4 ,6 >16 -3Hl“Alf-Androstene-3>17-di
The decoupled 3Hnmr spectra o f th is  labelled  steroid  
(Fig 2-11) show that the la b e ll in g  occurred a t  the C-2 and C-6 
position through A 2/4-enolate and A3/ 5-enolate formation respect­
iv e ly .  In addition there is exchange la b e ll in g  of the v in y l ic  proton 
at the C-4 position .
androstene-3,17-dione in (A) CDC13, (B) d5-pyrid ine (expansion - 
showing only the region between 2-3 ppm) and (C) d6-DMS0.
Although the more stable diene is the 3 ,5 -en o lic  diene, i t  
has been observed tha t the rate of the la b e l l in g  at the C-6 was 
slower than th a t  at the C-2 as well as tha t at the C-4 position
Fig (2-11) JH Decoupled 3Hnmr spectra
(Fig 2 -11).
With respect to base c a ta ly s is ,  the simple re la tionsh ip  appears 
to apply, that is ,  the most ac id ic  proton w i l l  be the one that is 
f i r s t  removed and most rap id ly  replaced. This predicts the loss of a 
C-2 proton before that of a C-6 proton since the former, being 
d ire c t ly  adjacent to the carbonyl group, is the proton most subject to 
the inductive e f fe c t  o f th is  function.
Moreover, the more ac id ic  the methylenic proton being removed, 
the smaller the degree of C-H bond stretching necessary to reach the 
t ra n s it io n  state  and therefore the lesser the development o f anionic 
charge and the greater the resemblance o f t ra n s it io n  state  to s ta r t in g  
ketone. This predicts tha t the tra n s it io n  state  fo r  formation o f the 
A2,If-anion w i l l  resemble ketone more than w i l l  the tra n s it io n  state  
fo r  A3J5-anion form ation.25 Therefore the la b e l l in g  occurred more 
rap id ly  at C-2 than a t  C-6 via eno liza t ion .
Fig (2-11B) also shows that the la b e ll in g  was s l ig h t ly  favoured 
at the C-6 axial position rather than a t the a l te rn a t iv e  equatorial  
s i te .  This may also be explained by the stereoelectronic hypothesis.23/
f l 5 , 1 7 - 3HV5a-Androstan-16one-33ol:
The analysis o f the coupled 3Hnmr spectra o f th is  labe lled  
steroid  in the d i f fe re n t  solvents (Fig 2-12, 2-14 and 2-16) can be 
summarized in table  ( 2 -7 ) ,  which also shows the average o f the 
observed T,H and of the calculated H,H coupling constants, using 
equation 2-7.
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Fig (2-12) coupled 3Hnmr spectrum of [ l 5 ,1 7 -3HJ-5cx- 
androstan-16one-33o1 (expansion -  resol. enhancement) 
in CDC13
Fig (2-13) 1H Decoupled 
3Hnmr spectrum of  
f l 5 , 1 7 - 3H3-5a-androstan- 
16one-33ol i n CDC13 •
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Fig (2-14) XH Coupled 3Hnmr spectrum of [ l 5 , 1 7 - 3H^5a~androstan- 
16one-3eol (expansion - resol. enhancement) in d5-p yr id in e .
Fig (2-15) l H Decoupled 3Hnmr 
spectrum o f  0 5 , 1 7 - 3Hj-5a-androstan  
J6one-3$o l  in  d 5- p y r i d i n e .
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Fig (2-16) Coupled 3Hnmr spectrum of £ l5 ,1 7 -3Hj-5a-androstan- 
16one-3$ol (re so l.  enhancement) in d6-DMS0.
Fig (2 -17) Decoupled 3Hnmr 
spectrum of ( j 5 , l 7 ~ 3H^-5a-androstan- 
16one-3$ol in d6-DMS0.
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2 .4 .2 .  T r i t ia te d  steroids prepared by metal-heterogeneous 
c a ta ly t ic  exchange reactions:
By comparing Fig (2-18) with Fig (2 -1 9 ) ,  i t  is found that the 
la b e l l in g  o f the stero ids , 5a-cho1estane, 5a-androstane, and 
53-pregnane, occurred from the less s te r ic a l ly  hindered side (a -face )  
of the molecule. Neither the protons o f the C-18 nor the C-19 
methyl group were exchanged, as indicated by Garnett e t  £]_.26 using 
isotopic water (D20) with heterogeneous platinum in la b e l l in g  5a- and 
53-androstane.
Fig (2 -18) *H Decoupled 3Hnmr spectra (expansion) of (A) 5a-
cholestane, (B) ^G-3Hj-5a-androstane, and (C) fG -3Hj-5B-pregnane 
in C6D6
58
Table (2 -8 ) Chemical Sh ifts  (ppm) o f the t r i t i a t e d  steroids 
prepared by metal-heterogeneous c a ta ly t ic  exchange reactions 
in CeDg
T r i t ia te d  steroid ppm
( g-3H
( g- 3h
H
-5ct-Cholestane
-5a-Androstane
-5e-Pregnane
0 .92 , 1 .15 , 1 .21 , 1.398, 1 .48 , 1.66
0.83, 1 .14, 1 .21 , 1 .39, 1 .48 , 1 .57,  
1.63 , 1.65
0 .87 , 0 .92 ,  0 .94 , 1 .06 , 1 .16 , 1 .21 ,  
1.23, 1 .29 , 1 .34 , 1 .43 , 1 .48 , 1 .72 ,  
1.85
Fig (2-19) xHnmr Spectra (expansion) of the non-label led steroids  
(A) 5a-cholestane, (B) 5a-androstane, and (C) 5B-pregnane in C6D6
Table (2 -9 ) Chemical sh if ts  (ppm) of the non-labelled steroids  
in C6D6
Steroid ppm
5a-Cholestane
5a-Androstane
53-Pregnane
0.69 (18-CH3) ,  0 .8  (19-CH3) ,  0 .9 ,  0.97  
1.05, 1 .23 , 1 .49 , 1 .82, 1.967, 1 .98 ,  
1.99, 2 .06 , 2.09
0.7 (18-CH3) ,  0.78 (19-CH3) ,  1 .2 ,
1 .56 , 1.81
0 .38 , 0.57 (18-CH3) ,  0 .65 , 0.96 (19-CH3) 
1.12, 1 .36, 1.72
irone
2 .4 .3 .  T r i t ia te d  steroids prepared by hydrogenation with H?/T 2 
gas mixture
The Decoupled 3Hnmr spectra of ^ 4 a , 5 a - 3H^*dihydroteste
r' -\
(Fig 2-20)  and 1 l a , 2 a - 3H -testosterone (Fig 2-21) show that the 
la b e ll in g  is f u l l y  reg iospecific  in the f i r s t  one and over 90% 
spec if ic  in the second one. So the homogeneous p a r t ia l  reduction of
l a , 2 a - 3H j -testosteroneA^testosterone by a Wilkinson's ca ta lys t  to 
was not quite  f u l l y  stereospecific .
In the case of the heterogeneous p a r t ia l  reduction of A1- 
testosterone by palladized charcoal,about 25% of the t r i t iu m  a c t iv i t y  
is located in the a-oriented positions o f the labe lled  product, as 
deduced from (Fig 2 -22 ) .  Therefore the reduction did also not occur 
e n t i re ly  on the 3-face o f the molecule. In addition exchange reactions 
occurred during the preparation as shown by label which gives the 
signal at 65.85 in the 4 position of ( j 3 , 2 3 - 3H ^testosterone  
(Fig 2 -22 ).
Normally, fo r  ^ la ,2 a- 3H j-tes tos terone , about 5:1 is the 
in te n s ity  ra t io  of are a t  the C-l and the C-2 positions, while the
in te n s ity  ra t io  of 3 : a at the C-l and the C-2 position in
j je » 2 e -3H^-testosterone are about 4:1 and 3:1 re s p e c t iv e ly .2
In th is  study, some differences have been observed in the ra t io
of axial and equatorial signal in te n s it ie s  from the C-l and the C-2
positions of the prepared j j a , 2 a - 3H^-testosterone and ( j 3 s2 3 -3H ]~  
testosterone from those mentioned above, as shown in'Hdecoupled tnmr 
spectra of these labe lled  compounds (Fig 2-21 and 2 -22 ).
Such differences might be a ttr ib u ted  to some isotope exchange 
processes, occurred during p a r t ia l  hydrogenation o f A ^testoste rone  
by heterogeneous cata lys is  ( fd /c )  and homogeneous cata lys is  (Wilkinson'
C a ta lys t) ,  that a l t e r  these in te n s ity  ra tios  at the C-l and the C-2
positions of the labe lled  compounds. Moreover, the d ifference in the 
in te n s ity  ra t io  at the C-2 position o f both steroids can also be 
a ttr ib u ted  to some back exchange processes via eno liza tion  occurred 
during the p u r if ic a t io n  process of these lab e lled  steroids.
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6
Fig (2-20) *H Decoupled 3Hnmr spectra o f [ 4 a »5a-3H^- 
dihydrotestosterone in (A) CDC13, and (B) d6-DMS0.
 , 1 1
2 1 0
Fig (2-21) *H Decoupled 
3Hnmr spectrum of 
(ja  ,2 a -3h ] - testosterone 
in 4-DMS0
236 5 4
Fig (2-22) l H Decoupled 3Hnmr 
spectrum of £ l 8 ,2 b -3H~j-testosterone 
in CDC13 ’ J
2.4.4. C 3H1-Solani di n e :
Q fij-S o lan id ine  was prepared from the reduction o f the "^C=N- 
bond of i t s  mixed perchlorates with sodium b o r o t r i t id e ,27 as shown 
in Fig (2 -2 3 ) .
The XH decoupled 3Hnmr spectrum of th is  labe lled  steroidal  
a lka lo id  (Fig 2-25) shows a signal a t  5 2 .62 . The t r i t iu m  a c t iv i t y  
is therefore located a t  the carbon s i te  next to the nitrogen atom.
21CM3 H
,24
Hg(OAC^ +  
perchloric Acid
HO
\ l /
clo!
clo4
3
NaBH4
Ffdj (2-23) Synthesis of ^ H ^ S o la n id in e .
1
0 6
T
2
T
3
T
6
T
5
T
7
T
1
i
A
Fig (2-24) ^nmr spectrum o f Solanidine in C6D6.
Fig (2-25) Decoupled 
3Hnmr spectrum of C 3Hj~ 
Solanidine in C6D6 .
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Chapter III
Kinetics o f the D e tr i t ia t io n  of 
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3.1 In troduction :
As has been mentioned previously ( p .2) t r i t i a t e d  steroids  
f ind  many app lications. In chemistry i t s e l f  they are mainly used 
to study aspects o f  reaction mechanisms but other important areas 
are pharmaceutical, e .g . pharmacokinetic; biochemical, e .g . 
radioimmunoassay, and c l in ic a l ,  e .g . as diagnostic agents.
In a l l  the above studies, i t  is advantageous i f :
(a) the compound is ava ilab le  at high specif ic  a c t iv i t y ,
(b) i f  the labe lled  positions can be id e n t i f ie d ,  and
(c) i f  the t r i t iu m  is located in a stable position .
Points (a) and (b) have been discussed in e a r l ie r  parts o f  the thesis .  
The present chapter is concerned with point (c ) .
Carbon acids i . e .  compounds th a t  ionise as a re s u lt  o f the
cleavage o f  a~C-H bond owe th e i r  a c id ity  to the presence o f  
ac tiva ting  groups such as -N02 , C02e t ,  c = "s = °> -CN. Those
with a carbonyl group, e .g . ketones such as acetone or acetophenone,
are usually weakly ac id ic  with pK^'s in H20 at 25°C in the range 
1 7 - 2 3 .  This means that i f  the t r i t iu m  is inserted in to  a position  
a to the ^c  = o group, i t  w i l l  be r e la t iv e ly  stable and w i l l  need 
the presence o f a strongly basic medium before the label is lo s t .  
Consequently fo r  many applications such labe lled  compounds f u l f i l  a l l  
the necessary requirements mentioned above. However in some cases 
the experimental conditions tha t have to be employed are more 
drastic  and i t  is doubtful whether compounds labelled  in th is  
manner can be s a t is fa c to r i ly  employed. For these reasons i t  seemed 
necessary to obtain some q uan tit ive  data on the rates o f d e t r i t i a t io n  
of a number o f keto-steroids and fo r  th is  purpose the follow ing were 
chosen:
Dihydrotestosterone Epiandrosterone 5cx-Androstan-
16one-30ol
Although there is a wealth of data now ava ilab le  in the 
l i t e r a tu r e  on the rates o f d e t r i t ia t io n  of carbon acids, very few 
investigations o f a quantit ive  nature have been reported fo r  keto- 
stero ids. In addition to the reasons outlined above there is another 
aspect o f the ionisation process th a t  is worthy o f a t te n t io n . The 
two hydrogens adjacent to the carbonyl function need not be equally  
reactive because th e ir  stereochemistry is d i f fe r e n t ,  one being in an 
axial position and the other equato ria l.  Consequently keto-steroids  
are d i f fe re n t  from most carbon acids and provide one with the 
opportunity of studying the stereochemical aspects o f  the ion isation  
( d e t r i t ia t io n )  process. They can therefore be used to study the stereo­
s e le c t iv i ty  of catalysts such as enzymes. Another aspect is the 
investigation  of the importance o f s te r ic  hinderance. I t  was fo r  th is  
reason tha t i t  was decided to investigate  the d e t r i t i a t io n  o f  the 
above compounds not only in hydroxide-water but also in alcohol-  
alkoxide solutions.
In one o f the e a r l ie s t  cases o f  s te re o s e le c t iv i ty  s tu d ied ,1 
4-t-butyl-cyclohexanone, the ra t io  k:,x:/keq turned out to be approx­
imately f iv e .  Ab i n i t i o  ca lcu la tions2 suggested that much higher 
s e le c t iv i t ie s  should be possible and th is  in te rp re ta t io n  has recently  
received experimental support from the work o f Frazer and Coworkers?-5
Thus fo r  4~, 1"-dimethyl- 1 ,2 ,3 ,4 -d ib en zc yc lo h ep ta - ls3-diene-6one
( 2 )  j  hydrogen-deuterium exchange o f i ts  methylene protons in 
MeOD-OMe proceeded with a s te re o s e le c t iv ity  of 73:1, although the 
ra t io  fo r  the bu lk ier base C6H50 was less than a h a lf  th is  value.
In the base-catalysed exchange o f the diasterectopic protons a to the 
carbonyl group in twistan -  4 — one' (  k in e t ic  s e le c t iv i ty  of
290:1 was witnessed.4 Clearly  the observation of such a highly  
selec tive  exchange process suggests that th is  is an area which should 
also be studied fo r  keto-steroids.
(4 ,1 -D im e th y l - l ,2 ,3 ,4 -  
(Twistan-4ene) dibenzcyclohepta-1,3-
diene-6one)
( 2 )
3.2 Experimental:
3 .2 .1 .  M a te r ia ls :
Deionised water thacfc had been boiled to remove C02 was used 
throughout the work.
Dry methanol was prepared by re flux ing  absolute methanol ( 2 i ) ,  
magnesium turnings (lOg) and iodine ( Ig )  fo r  3 hours before d i s t i l l i n g  
and co llecting  the frac tion  with B.pt. 64.3°C ( L i t .  value 64 .9°C ).
Dry ethanol and isopropanol were s im ila r ly  prepared, the 
fractions bo iling  between 77.2 -  77.6°C being collected in the case 
of ethanol and that with a bo iling  point of 81.5°C in the case of  
isopropanol.
Stock sodium hydroxide solution was prepared by the addition  
of boiled-out deionised water (50ml) to some 50g of sodium 
hydroxide p e lle ts  in a round bottom f la s k ,  allowing the solution to 
stand fo r  24 hrs before p ipetting  o f f  most of the saturated solution  
and in je c t in g  into a 2 sl f lask  containing deionised water and protected  
from the atmosphere with a soda lime guard tube.
Stock alcohol-alkoxide solutions were prepared by adding fresh ly  
cut ribboned sodium metal which had previously been washed with  
xylene and dry ether to the respective dry alcohol. These solutions  
were protected from the atmosphere and stored in an in e r t  atmosphere.
The basic solutions were standardised by t i t r a t io n  with potassium 
hydrogen phthalate solutions of known concentration using phenol-  
phthalein ind ica to r .
3 .2 .2 .  K inetic  procedure:
Two separate so lutions, one containing the solvent and a drop of  
t r i t i a t e d  substrate in dioxan and the other the basic solution were 
kept in a thermostat a t  the required temperature (25.0 ± 0 .1 °C ).  
lml of the f i r s t  solution was withdrawn and injected in to  a tes t-tube  
containing 10ml of water and 10ml o f l iq u id  s c in t i l l a t o r  (3.4g/Ji) of 
2 , 5-diphenyloxazole in to luene). A fte r  shaking and allowing to stand 
most o f the toluene layer was pipetted o f f  in to  test-tubes containing  
anhydrous sodium sulphate and allowed to stand fo r  some 30 minutes 
before p ipetting  o f f  5ml quantit ies  and counting in a Beckman LS-100 
l iq u id  s c in t i l la t io n  counter. This then gave the NQ value.
botn solutions were now mixed and 1ml aliquots withdrawn at  
regular time in te rva ls  and the above procedure repeated u n ti l  more 
than 90% of the reaction had taken place. Usually th is  enta iled  
taking some 20-30 samples. As a precaution a fu r th e r  sample was taken 
a f te r  some ten h a l f - l iv e s  had elapsed - th is  gave the N°°value.
The concentration of the base in the reaction mixture was 
measured by taking a known volume and t i t r a t in g  with a standard 
potassium hydrogen phthalate so lution; the value was compared with  
the theoretica l value, known from the strength o f the stock so lu tion .  
In general the agreement was be tte r  than ±3%.
3 .2 .3 .  Analysis o f K inetic  Data:
Table 3-1 gives d e ta i ls  o f a typ ical d e t r i t ia t io n  run and 
Fig 3-1 the resu lt ing  p lo t of lo9|0(Nt  -  N«) against time. For a 
simple d e t r i t ia t io n  experiment 
RT + B~ R" + BT
the relevant rate equation is kt -  V +  £n ^o "
Z  N"t  -  N o o
So th a t  a p lo t  of £n (N^ - N°°) against time should be l in e a r  with
slope = - kt ; the second-order rate  constant is then obtained by
divid ing k t  b y ^ B ' J ,  i . e .  K g  = k t /  £b~]
I f  however there are two exchanging groups or the exchanging 
group can ex is t  in two stereochemical configurations and these have 
d if fe re n t  re a c t iv i ty  the re s u lt  w i l l  be a consecutive f i r s t  order 
process
A P
The slowest rate constant ( k£) can then be obtained from the 
slope o f the l in e a r  part of the p lo t £n (Nt  -  N«) against 
t im e; slope =
Extrapolation o f the l in e a r  part to the i n i t i a l  stages of the 
reaction now enables one to ca lcu late  Nt fo r  A alone, and when the 
new values of zn (N^ - N°°) against time is p lotted (Fig 3-2B), the 
p lo t is l in e a r ,  slope = The ra t io  represents the
s te re o s e le c t iv ity  of the reaction.
Table (3 -1 ) Experimental data fo r  the d e t r i t ia t io n  of [ i 6 - 3h! "
epiandrosterone in (0.1600N) of Na0H-H20 at 25.0°C.
Time/min (cts min ! ) (N. -  N») (corrected values)
log (N^ - N«)
0 392228 380858 5.5808
20 324073 312703 5.4951
40 261849 250479 5.3988
60 213828 202458 5.3063
80 179858 168488 5.2266
100 148827 137457 5.1382
120 127265 115895 5.0641
140 104198 92828 4.9677
160 86303 74933 4.8747
200 62196 50826 4.7061
230 51254 39884 4.6008
260 40393 29023 4.4628
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Table (3 -2 ) Experimental and calculated data fo r  the d e t r i t ia t io n
o f  tw o  reactive sites in the labe lled  
substrate ( [ 2 , 4 - 3HJ-dihydrotestosterone) in (0.0218 N) 
of sodium isopropoxide - isopropanol at 25.0°C.
- A - experimental data 
dihydrotesterone:
fo r  the d e t r f t ia t io n of | 2 , 4 - 3HJ-
Time/min (c ts .  min” 1) (N. -  N»)
(corrected values)
loQio (Nt  -  N30)
0 583600 551700 5.7417
1 493600 461700 5.6644
2 440200 408300 5.6110
3 402600 370700 5.5690
4 371900 340000 5.5315
5 338200 306300 5.4861
6 310600 278700 5.4451
7 295800 263900 5.4214
8 274900 243000 5.3856
9 272900 241000 5.3820
10 255400 223500 5.3493
14 222000 190100 5.2790
18.5 190500 158600 5.2003
22 175300 143400 5.1565
26 149200 117300 5.0693
32 134700 102800 5.0120
35 125400 93500 4.9708
40 111200 79300 4.8993
45 99400 67500 4.8293
51 89800 57900 4.7627
56 82200 50300 4.7016
60 75700 43800 4.6415
65.5 69400 37500 4.5740
Calculated data fo r  the d e t r i t ia t io n  of the more 
reactive s i te  (A) in the labelled substrate  
( [2 .4 -3 H ]  -d ihydrotestosterone):
Time/
Min.
(Nt -N»)
(Corrected
values)
1 o g i o ( N t -N«>)B
of the slowest 
reactive  
group ((B ))
( N t - N - ) B
of the 
slowest 
reactive  
group ( (B ))
( N t - N » ) -
( N t - N - ) B
= ( N t - M ~ ) A
logio(Nt -Nc°)A
of the more 
reactive  
group ( (A ))
0 551700 5.42251 264600 287100 5.4580
1 461700 5.4096 256800 204900 5.3115
2 408300 5.3965 249200 159100 5.2017
3 370700 5.3836 241900 128800 5.1099
4 340000 5.3707 234800 105200 5.0220
5 306300 5.3576 227800 78500 4.8949
6 278700 5.3446 221100 57600 4.7604
7 263900 5.3316 214600 49300 4.6928
8 243000 5.3187 208300 34700 4.5403
9 241000 5.3058 202200 38800 4.5888
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Fig (3-2B) Plot o f lo g ^ N ^ . ~N°°)^ against time (min.) of the 
more reactive  s i te  ( (A ) )  d e t r i t ia t io n  in the 
labe lled  substrate ( ( 2 , 4 - 3H]-dihydrotesterone) in  
(0 .0218N) o f sodium isopropoxide-isopropanol a t  25.0°C
3.3 R es u l t s :
The rate constants obtained fo r  the d e t r i t ia t io n  of the 
various substrates in d i f fe re n t  basic media are summarized in tab le  
3-2.
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3.4 Discussion:
r *
The results fo r  2 ,4-*h lj  dihydrotestosterone ( tab le  3-2 and 3-3)
show that the re la t iv e  rates o f exchange a l te r  very l i t t l e  in going
from OH” -v OMe" -*• OEt +  i-OPr (the ra t io  k.^/k.1 goes from 6.8
a d
to 8 .4 )  although there is close on a hundred-fold acceleration in 
rate as one goes from the leas t  basic cata lys t (OH ) to the most
basic (i-OPr ) .  This la s t  feature is also witnessed fo r  a l l  the other
compounds where a range o f alkoxides were employed and is in agree­
ment with the accepted view6 tha t the b as ic it ie s  of these solvents 
increase in the order OMe" in MeOH <0Et~ in EtOH <i-0Pr~ in TProH.
The results fo r  [ l5 .1  7 - 3h|-5 a-androstan-16one-33ol d i f f e r  from 
those reported fo r  {^2,4-3H3<ii hydrotestosterone, in tha t the ra t io  
k^/k j f i r s t  of a l l  increases in going from 0H~ in H20 to OMe” in
MeOH before decreasing quite  rap id ly  u n t i l  i ts  value is close on 3
fo r  i-OPr" in i-PrOH. These results  suggest tha t s te r ic  influences  
are more important fo r  the cyclopentanone ring system than they are 
fo r  the benzene ring and i t  would be o f  considerable in te re s t  to 
investigate  whether such findings could be observed fo r  some other  
s tru c tu ra l ly  s im ila r  compounds.
The detritiation studies for both j j6 - 3H*]-epiandrosterone and 
^16-3H^a1/lf-androsten-3,17-dione both give excellent f ir s t  order 
plots over more than 90% of the reaction with no sign of curvature. 
This means that the reactivity of the axial and equatorial hydrogens 
are within experimental error, the same, and this finding is 
consistent with the results of another recent study on a series of 
j j6 - 3H^15,16-dihydrocyclopenta^aJ-phenanthren-17-ones7 Furthermore 
the use of sterically hindered bases like the alkoxides is unable to 
bring about a rate difference.
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